In a previous paper , Acta Cryst. D49, 292±304], the X-ray structure analysis of the 18 kDa fragment of duck ovotransferrin, corresponding to the NII domain of the intact protein, was reported at a resolution of 2.3 A Ê . In this structure, the Fe III cation binds to two tyrosine residues and the synergistic carbonate anion in an identical manner to that found in the intact protein. However, the aspartate and histidine residues, normally involved in iron binding in transferrins, are absent in the fragment and it was not possible to unequivocally de®ne what had replaced them. The electron density was tentatively assigned to be a mixture of peptides, presumably resulting from the proteolytic preparation of the fragment, binding to the iron through their amino and carboxylate termini. A more recent X-ray analysis of the fragment, from a different preparation, has resulted in a structure at 1.95 A Ê , in which glycine appears to be the predominant residue bound to the cation. In an alternative attempt to clarify the binding of iron to the 18 kDa fragment, the metal was removed by dialysis and replaced in the form of ferric nitrilotriacetate. Crystallization of this complex has resulted in an X-ray structure at 1.90 A Ê in which the Fe III is bound to the synergistic carbonate anion and only one tyrosine residue in a manner almost identical to the intact protein. The carboxylate groups and the tertiary amino group of the nitrilotriacetate occupy the remaining coordination sites. The second tyrosine residue, Tyr95, is not bound directly to the iron. The implication of these structures with respect to the mechanism of iron binding by the transferrins is addressed. 
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Introduction
The transferrin family of proteins plays a central role in the iron metabolism of vertebrates and some invertebrates (for recent reviews, see Aisen, 1998; Arnesano & Provenzani, 2001; Crichton, 2001; Lindley, 2001; Smith, 2001) . Serum transferrin has the speci®c role of iron transport and delivers Fe III , virtually insoluble at physiological pH, to reticulocytes by means of receptor-mediated endocytosis (Jandl et al., 1959) . The transferrin molecule comprises two structurally homologous lobes, each containing two dissimilar domains, with the metal-binding site in each lobe located deep within the inter-domain cleft. Such a structure is consistent with a`Venus y-trap' mechanism for metal uptake and release and a comparison of the X-ray structures of iron-loaded and apo transferrins, together with solution-scattering studies, has con®rmed that gross conformational changes occur on iron binding and release. Kinetic studies where the iron is added to the apo transferrin in the form of a metal chelate have enabled a number of key stages to be identi®ed in the formation of a metal±anion±transferrin ternary complex (Aisen & Leibman, 1973; Cowart et al., 1982) . The initial stage involves the binding of the synergistic carbonate anion to a lobe of the apo transferrin in the open form. This is followed by stages involving a partial detachment of the ligands of the added metal chelate, the formation of a transferrin±anion±metal± chelate quaternary complex and the complete detachment of the chelating ligands from the iron. In the ®nal stage domain closure leads to the speci®c transferrin±anion±metal complex.
Strong evidence for such a mechanism was provided by the X-ray structure determination of an 18 kDa quarter molecule of duck ovotransferrin (dOT) corresponding to the second domain in the N-terminal lobe . In this structure, the Fe III is bound to the synergistic carbonate anion and two tyrosine residues, Tyr95 and Tyr194 (equivalent to Tyr188 in the sequence of human serum transferrin, hST), in an almost identical manner to that found in the intact N-terminal lobe. However, the 18 kDa fragment lacks two of the residues that normally coordinate to the metal, namely Asp63 (located in domain I of the intact protein) and His249 (hST numbering), located on the second inter-domain strand linking domains I and II in the intact protein. The electron density in the structure determined at 2.3 A Ê resolution clearly showed that these ligands had been replaced, but was not of suf®cient quality to show unequivocally what had replaced them. The most likely explanation seemed to be a mixture of polypeptides, arising from the proteolytic method of preparation, binding to the iron through their amino-and carboxy-termini.
In this paper, the structure analysis of a fresh preparation of the 18 kDa fragment from dOT at a resolution of 1.95 A Ê is reported. This analysis indicates that a glycine residue is the predominant species bound to the metal. In a further experiment to clarify the nature of the iron environment in the 18 kDa fragment, the iron and its chelating ligands were removed with citrate and replaced in the form of ferric nitrilotriacetate. The structure of the resulting complex at 1.90 A Ê resolution provides further evidence for an intermediate quaternary transferrin±anion±metal±chelate complex. In addition, the complex suggests sequential roles for Tyr188 (hST numbering) and Tyr95 in metal binding.
Experimental
2.1. Preparation and crystallization of the 18 kDa NII domain fragment of dOT and its complex with nitrilotriacetate (NTA)
The 18 kDa fragment of dOT was prepared by partial digestion of duck ovotransferrin with immobilized subtilisin Carlsberg (Sigma Protease type VIII from Bacillus lichenformis, No. P5380), essentially using the procedure described by Evans & Madden (1984) . However, instead of digestion at 277 K for 72 h, a batch method was employed where the reaction time was reduced to 24 h. This gave more reproducible results and a yield of the 18 kDa fragment of some 15±20% of the theoretical yield. Crystals of the fragment were grown in sitting drops at 277 K. The protein solution was buffered at pH 7.8 with 50 mM Tris±HCl and the precipitant solution contained 23% methanepentanediol. Sitting drops contained 25 ml of the fragment at concentrations between 20 and 40 mg ml À1 and 25 ml of precipitant. Yellow±orange lathshaped crystals appeared between 1 and 4 weeks and sometimes longer.
The NTA complex was prepared from the 18 kDa fragment, ®rstly by removing the iron with 0.1 M citrate buffer at pH 4.7, when the apo fragment appears colourless. The pH was then adjusted with 50 mM Tris to 7.8 and ferric nitrilotriacetate solution added. The 18 kDa fragment immediately turns pink. Excess Fe±NTA was then removed by concentrating the solution and adding more 50 mM Tris at pH 7.8. This protocol can also be used to bind other ferric complexes and other metals. Crystals of the 18 kDa NTA complex were then obtained in a similar manner to those of the 18 kDa fragment.
X-ray data collection
Diffraction data for both structures were collected from capillary-mounted crystals at station 9.6 at the SRS, Daresbury Laboratory as indicated in Table 1 . In each case, data were collected at a temperature of 277 K and the diffraction intensities fell away sharply at the resolution limit; attempts tō ash-freeze crystals resulted, at best, in an unacceptable increase in the mosaicity. The data were integrated, scaled and merged using MOSFLM (Leslie, 1991) , ROTAVATA and AGROVATA (from the CCP4 suite; Collaborative Computational Project, Number 4, 1994), respectively. The Matthews coef®cient, V M (Matthews, 1968) , for the 18 kDa fragment and its NTA complex is 2.24 A Ê 3 Da À1 assuming that the asymmetric units contain a monomer; this value corresponds to a solvent content of about 45%. Wilson plots gave average thermal coef®cients of 26 and 29 A Ê 2 for the 18 kDa fragment and the NTA complex, respectively. 
Structure solution and refinement
In the case of the 18 kDa fragment, Fourier syntheses (2|F o | À |F c | and |F o | À |F c |) were computed with coef®cients derived from the 1.95 A Ê resolution data and phases computed from the model at 2.3 A Ê . The coordination at the cation site was left incomplete, with only Tyr95, Tyr194 (Tyr188 in human serum transferrin numbering) and the carbonate anion bound to the iron being included in the model. However, the residual electron density in both syntheses could clearly be interpreted in terms of a glycine residue bound to the iron. This new model was then re®ned using the program REFMAC (Murshudov et al., 1997) with working and free (5%) sets of data extended to include all data between 27.22 and 1.95 A Ê . The initial values for the R factor and R free were 20.8 and 22.8%, respectively. Rounds of conjugategradient sparse-matrix re®nement with bulk-solvent modelling according to the Babinet principle (Tronrud, 1996) were alternated with model veri®cation using the program O (Jones et al., 1991) . Details of the ®nal stage of the re®nement are given in Table 2 .
The NTA complex was treated in a similar manner to the 18 kDa fragment, except that the initial Fourier syntheses clearly showed a nitrilotriacetate molecule bound at the iron site and an associated movement of Tyr95. All data in the resolution range 26.9±1.9 A Ê were used and the initial values of the R factor and R free were 19.2 and 20.8%, respectively; the ®nal details of the re®nement are given in Table 2 .
Quality of the refined structures
A Ramachandran analysis as implemented in PROCHECK (Laskowski et al., 1993) shows that 87.5% of the residues in the 18 kDa fragment lie in the most favoured regions, whilst 12.5% lie in the additionally allowed regions. The corresponding values for the NTA complex are 86.6 and 12.7%, respectively, with one residue lying in the generously allowed regions. This latter residue, Ser148, is part of a loop on the outside of the respective molecules comprising residues Glu142±Gly149. This loop, an insertion in the dOT sequence with respect to the hST sequence, is very poorly de®ned with fragmented electron density in both cases. In addition, there is no coherent electron density for the C-terminal residues Ala251 and Ala252 (Ala248 and Ala249 in hST) in the NTA complex.
Results and discussion

Overall molecular structure
The 18 kDa fragment corresponds to the second domain in the N-terminal lobe of duck ovotransferrin; the secondary structure of the fragment is represented by the ribbon diagram as shown in Fig. 1 . Both the 18 kDa fragment and its NTA complex start at Ser94, but whereas the fragment clearly terminates at Ala252 (Ala249 in hST), the last two residues are not visible in the NTA complex. In both structures, the polypeptide chain adopts a very similar conformation to the NII domain of the rabbit and porcine serum transferrins (Hall et al., 2002) . Thus, some 150 C atoms of the 18 kDa fragment can be superimposed with an r.m.s. deviation of 0.78 A Ê on the corresponding atoms in the NII domain of porcine serum transferrin (pST).
Iron-binding sites
In the 18 kDa fragment, tyrosine residues Tyr95 and Tyr194 (Tyr188 in hST) and the bidentate carbonate anion coordinate to the ferric cation in a manner almost identical to that observed in the intact N-terminal lobe. The carbonate anion retains its intricate network of hydrogen bonds with the residues at the N-terminus of helix 5: Thr120 OG1, the guanidinium group of Arg124 and the main-chain NH groups of residues Ala126 and Gly127. It thereby effectively neutralizes the positive charge arising from the N-terminus of helix 5 and the arginine residue, whilst at the same time providing two oxygen ligands to the metal. However, a glycine residue has replaced Asp63 and His249 (hST numbering) that are present in the intact lobe and arise from domain NI and the second interdomain strand, respectively. This glycine residue, prob-
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G factor and Ramachandran analysis were determined by PROCHECK (Laskowski et al., 1993 ably acquired during the proteolytic preparation of the domain NII fragment from the intact duck ovotransferrin molecule, binds to the iron through one of its carboxylate O atoms and its amino terminus (Fig. 2) . Thus, it simulates the carboxylate group of the Asp63 and His249 NE2. In the NTA complex, tyrosine Tyr194 (Tyr188 in hST) and the bidentate carbonate anion bind to the iron in a similar manner to the 18 kDa fragment and the intact transferrins. However, Tyr95 is displaced by the NTA moiety so that its hydroxyl O atom is some 3.8 A Ê away from the iron. In the place of Asp63, Tyr95 and His249 (hST numbering), the NTA binds to the iron through its carboxylate O atoms and the central N atom as shown in Fig. 3 . However, the binding is not symmetric and one of the carboxylate O atoms and the central N atrom are 2.6 and 2.8 A Ê distant from the cation, respectively; the carboxylate group concerned is the most solvent exposed and also binds to solvent molecules. The NTA moiety appears to be neither fully bound to the cation nor fully released.
Details of the geometry of the iron sites in the 18 kDa fragment and its NTA complex are given in Table 3 . 
Iron uptake by transferrins
It is not yet known physiologically in what form the iron is presented to apo transferrin or whether other enzymes such as ceruloplasmin are involved. However, kinetic studies have identi®ed ®ve principal steps in the formation of the speci®c metal±anion±transferrin ternary complex if the metal is added as a chelate complex (Aisen & Leibman, 1973; Cowart et al., 1982) . Initially, the carbonate (or bicarbonate) anion binds to the transferrin and this is followed by the removal of one or more ligands from the metal chelate. A quaternary transferrin±anion±metal±chelate complex is next formed and the remaining chelate ligands are then removed from the iron. Lastly, a conformational change occurs to form the ®nal speci®c transferrin complex (see, for example, Baker, 1993) . It is likely that the initial carbonate binding is facilitated by the positive charge at the anion-binding site in the inter-domain cleft, together with other exposed positively charged side chains in the cleft. The metal±chelate complex can then bind and an exchange of ligands take place with the two tyrosines, one in domain II and the other on a connecting strand, and the bidentate anion. Finally, binding can be completed by loss of the chelator and domain closure providing the ®nal two ligands, histidine from the second connecting strand and aspartic acid from domain I. The structure of the 18 kDa fragment of duck ovotransferrin appears to be completely consistent with this scheme, representing in the absence of the glycine residue the situation immediately prior to domain closure.
However, the NTA complex appears even more interesting since it represents a speci®c quaternary transferrin±anion± metal±chelate complex and suggests that the ligation of the tyrosine residues is stepwise. The ferric chelate complex comprises the NTA bound in a tetradentate manner to the ferric cation through the central nitrogen and the three carboxyl groups, with two water molecules occupying the remaining positions in the octahedral coordination sphere. Binding of the carbonate anion at the N-terminus of helix 5 will be the ®rst stage of the uptake process. Binding of the ferric cation then follows via the carbonate anion, in a bidentate manner, and Tyr188 (hST numbering) situated at the N-terminus of helix 7. Concomitantly, the Fe±NTA complex loses the two water ligands. Tyr95 does not appear to be involved at this stage and there appears in addition to be a partial dissociation of some of the metal±chelate bonds, so that the FeÐN(NTA) and FeÐO12(NTA) separations are signi®-cantly increased (see Table 3 ). In the intact protein, further dissociation of the metal±chelate linkages followed by the commencement of domain closure will result in the second tyrosine Tyr95 and His249 (hST numbering), both located on the strands connecting the two domains in the lobe, binding to the iron. Finally, after complete removal of the NTA chelator from the protein environment, domain closure causes Asp63 Figure 1 A ribbon diagram of the 18 kDa fragment of duck ovotransferrin corresponding to the NII domain. The location of the synergistic carbonate anion and the ferric cation at the N-terminus of the helix formed by residues 124±134, helix 5, is clearly shown together with tyrosine residues Tyr95 and Tyr188. The remaining ligands to the iron have been omitted (see Figs. 2 and 3 ), but the exposure of the cation to the solvent is apparent. The poorly de®ned loop region, 144±149, is at the left-hand side of the diagram, immediately following helix 5.
in domain NI to bind to the iron. A similar scheme will apply to iron binding in the C-terminal lobe of the transferrins.
The aspartic acid Asp63 is likely to be the last ligand to bind to the iron as domain closure occurs. However, its role has been the subject of debate, with a suggestion that it may even trigger domain closure (Grossmann et al., 1993) residue two residues away from the aspartic acid in the C-lobe is changed to an arginine shows reduced iron binding (Evans et al., 1988) . This observation has been explained by the formation of an ion pair between the arginine and the aspartate . In addition, the Asp3Ser mutation in the C-lobe of melanotransferrin has been associated with a complete loss of iron binding (Baker et al., 1992) . However, structural studies on the Asp60Ser mutant of the N-lobe of human lactoferrin suggest that the aspartic acid residue serves only as part of a lock that holds the domains closed when iron is bound (Faber et al., 1996) . In the structure of the Asp60Ser mutant the serine binds to the iron though a solvent molecule, which in turn participates in inter-domain hydrogen bonding. However, the two domains in the N-lobe of the Asp60Ser mutant are even closer together than in the native molecule. The absence of the aspartic acid alone does not appear to prohibit iron binding and the behaviour of the C-lobe of melanotransferrin must result from a combination of mutations that destabilize the anion-binding site as well as the iron binding.
Conclusions
The structures of the 18 kDa NII domain fragment of duck ovotransferrin and its NTA fragment fully support a mechanism of iron uptake by the transferrins that involves initial binding of the carbonate anion followed by the formation of speci®c ternary metal±anion±transferrin and quaternary transferrin±anion±metal±chelate complexes prior to loss of the chelator and domain closure. 
